Alleles of HLA class II genes DQB1, DQA1, and DRB1 in the MHC region are major determinants of genetic predisposition to type 1 diabetes (T1D). Several alleles of each of these three loci are associated with susceptibility or protection from disease. In addition, relative risks for some DR-DQ genotypes are not simply the sum or product of the single haplotype relative risks. For example, the risk of the DRB1*03-DQB1*02/DRB1*0401-DQB1*0302 genotype is often found to be higher than for the individual DRB1*03-DQB1*02 and DRB1*0401-DQB1*0302 homozygous genotypes. It has been hypothesized that this synergy or epistasis occurs through formation of highly susceptible trans-encoded HLA-DQ(a1, b1) heterodimers. Here, we evaluated this hypothesis by estimating the disease associations of the range of DR-DQ genotypes and their inferred dimers in a large collection of nuclear families. We determined whether the risk of haplotypes in DRB1*0401-DQB1*0302-positive genotypes relative to the DRB1*03-DQB1*02-positive genotypes is different from that of DRB1*01-DQB1*0501, which we used as a baseline reference. Several haplotypes showed a different risk compared to DRB1*01-DQB1*0501, which correlated with their ability to form certain trans-encoded DQ dimers. This result provides new evidence for the potential importance of transencoded HLA DQ molecules in the determination of HLA-associated risk in T1D.
Introduction
The association between genes in the class II region of the HLA complex on chromosome 6p (IDDM1) and type 1 diabetes (T1D), first described in 1974, is one of the most extensively studied genetic susceptibility factors for a complex disease. [1] [2] [3] [4] A large number of publications have established that particular combinations of alleles at HLA-DQB1, -DQA1, and -DRB1 show strong association with T1D. [5] [6] [7] [8] [9] [10] [11] [12] The complex nature of this association is partly caused by the presence of multiple susceptible and protective HLA class II haplotypes, and may be modified by the presence of multiple other loci in the MHC region. 13, 14 The haplotypes DRB1*0401-DQA1*0301-DQB1*0302 and DRB1*0301-DQA1*0501-DQB1*0201 have been found to be the major susceptible haplotypes in most populations, whereas DRB1*1501-DQA1*0102-DQB1* 0602 has been described to be protective in a dominant manner. 2 Many previous studies have measured the disease risk of DR-DQ haplo-and genotypes by odds ratios (ORs) and have categorized the haplo-or genotypes in terms of susceptibility, neutrality, and protection. 2, 6, 7, 10, 11 Inferences have also been made concerning the strength of susceptibility or protection, for example, DRB1*04 subtypes have been shown to display different ORs on an identical DQA1*0301-DQB1*0302 haplotype, with ranking 04054040140404404034 0406-8. 2, 4, 15 However, the presence of multiple diseaseassociated haplotypes complicates the analysis of the DR-DQ loci. Most of the studies cited above use ORs to evaluate the risk of haplotypes or genotypes. Several authors have recognized that the OR of one haplotype can be influenced by the risk associated with the other haplotype present in an individual, for example, ORs of neutral factors can be significantly decreased due to the increased frequency of a strong susceptibility factor. 2 To address this problem, several other measures have been proposed, like attributable risk and relative predispositional effect. 16, 17 However, these measures only partly solve the problem. Here, relative risks are estimated relative to a baseline reference haplo-or genotype, which alleviates the above problem. Furthermore, we estimate the risk conferred by one DR-DQ haplotype or genotype by family-based logistic regression conditional on parental genotypes, which circumvents assumption of Hardy-Weinberg (HW) equilibrium and random mating in the general population. 18, 19 Finally, this family-based approach and conditioning on parental genotypes avoids inaccurate risk estimation due to population admixture effects or ascertainment on multiple affected siblings, which can affect case-control and family-based AFBAC designs. 20 It is evident that the risks of HLA genotypes are not simply the sum or product of the single haplotype relative risks. Apart from their incomplete disease penetrance, the risk of the DRB1*03-DQB1*02/DRB1* 0401-DQB1*0302 heterozygote genotype was found to be increased compared to that of the individual DRB1*03-DQB1*02 and DRB1*0401-DQB1*0302 homozygous genotypes, indicating an epistatic or synergistic effect. 4, 21 Other genotype effects have been found for DRB1*08-DQB1*0402 (increased risk when together with DRB1*0401-DQB1*0302) and DRB1*09-DQB1*0303 (increased risk mainly with DRB1*03-DQB1*02), 6, 22, 23 occurring fairly consistently across several ethnic groups. 4 It has been postulated that the unexpected increase in risk of these genotypes is caused by highly susceptible transencoded DQ(a1, b1) heterodimers as formed in the DRB1*03-DQB1*02/DRB1*0401-DQB1*0302 genotype. 4, 24 The DQ molecule is an important antigen-presenting molecule for CD4-positive T cells, and consists of a DQ(a1, b1) heterodimer for which the DQb1 and DQa1 chains are encoded by the DQB1 and DQA1 genes, respectively. Both cis-and trans-heterodimer molecules are expressed in class II heterozygous individuals, for example, in the high-risk DRB1*03-DQB1*02/DRB1* 0401-DQB1*0302 heterozygotes. 25 To explain the genotype effect found for DRB1*03-DQB1*02/DRB1*0401-DQB1*0302, the trans-encoded dimers, namely DQ(a1* 0501, b1*0302) and DQ(a1*0301, b1*0201), have been proposed to confer higher risk than the cis dimers, DQ(a1*0301, b1*0302) and DQ(a1*0501, b1*0201). It has been postulated that similar molecules are formed in trans in DRB1*0401-DQB1*0302/DRB1*08-DQB1*0402 (DQ(a1*0401, b1*0302)-positive individuals, with a1*0401 being structurally similar to a1*0501, and for DRB1*03-DQB1*02/DRB1*09-DQB1*0303 (DQ(a1* 0301, b1*0201)) genotypes, 4, 24 supporting the hypothesis that these trans-encoded molecules confer high risk.
The aim of this study was to estimate the relative risk (RR) for disease for HLA class II haplo-and genotypes and determine whether genotype effects indicative of trans effects are present for genotypes other than those previously described. The results indicate that DQ trans dimer formation could be an important factor in the association of HLA with T1D.
Results

Haplotype risks in separate populations
Populations were first analysed separately and DRB1-DQB1 haplotype ORs were found comparable in different populations (Table 1) . Only haplotypes with counts larger than 10 were analysed. No genotype analysis in separate populations was performed, since the result was unreliable because of limited number of observations. Differences between populations in magnitude and rank of haplotype risk were observed, although the main features of the HLA class II associations were maintained: DRB1*04-DQB1*0302 haplotypes were universally the most potent source of susceptibility except for those with the DRB1*0403 allele, and equally significant disease protection compared to DRB1*01-DQB1*05 haplotypes by the common DRB1*11-DQB1* 0301 and DRB1*15-DQB1*06 haplotypes. Table 2 shows the DRB1-DQB1 haplotype RRs for the populations combined. Overall, this analysis confirms susceptible and protective haplotypes reported in many previous studies, with major high-risk haplotypes DRB1* 03-DQB1*02, DRB1*0401-DQB1*0302, and protective haplotypes DRB1*11-DQB1*0301, DRB1*14-DQB1*05, DRB1*07-DQB1*09, DRB1*0407-DQB1*0301, and DRB1 *15-DQB1*06 ( Table 2 ). The DRB1*04-DQB1*0302 subtypes were ranked from most to least susceptible: *0401Z*04054*0404B*04024*0403.
Genotype risks
The number of observations for each individual data set was too small to estimate genotype risks. We, therefore, used conditional extended transmission disequilibrium test (CETDT) to avoid the problem of inaccurate risk estimation due to population admixture or ascertainment bias and combined the data from the different populations to calculate genotype OR estimates (relative transmission probability (RTP) and OR-r), relative to the reference DRB1*01-DQB1*05/DRB1*01-DQB1*05 genotype (Table 3 ). This reference genotype was chosen as it represents the most frequent and relatively 'neutral' genotype. No major differences were observed when a different reference was chosen (not shown). As expected, the DRB1*0401-DQB1*0302/DRB1*03-DQB1*02 genotype shows the highest RTP (RTP ¼ 33), which was significantly different from the DRB1*0401-DQB1*0302 homozygous (RTP ¼ 26.6) and the DRB1*03-DQB1*02/DRB1* 03-DQB1*02 genotype (RTP ¼ 8.1) (P ¼ 1 Â 10 À5 and 1.4 Â 10 À5 , respectively) ( Table 3 ). This observation confirms the epistatic synergy between DRB1*0401-DQB1*0302 and DRB1*03-DQB1*02 haplotypes. Significant susceptibility was also found for DRB1*0401-DQB1*0302/DRB1*08-DQB1*04 (RTP ¼ 17.4), DRB1* 0401-DQB1*0302/DRB1*01-DQB1*05 (RTP ¼ 8.8), DRB1* 0401-DQB1*0302/DRB1*13-DQB1*06 (RTP ¼ 8.1), DRB1* 0401-DQB1*0302/DRB1*07-DQB1*02 (RTP ¼ 6.1), and DRB1* 0401-DQB1*0302/DRB1*0401-DQB1*0301 (RTP ¼ 5.2).
The main question investigated here was whether synergy between haplotypes in terms of the ability to form disease susceptible trans-encoded DQ dimers can be observed in genotypes other than DRB1*0301-DQB1*0201/DRB1*0401-DQB1*0302.
The DRB1*01-DQB1*0501 haplotype-encoded DQ b1 and a1 chains cannot form trans dimers with the DQ b1 and a1 chains from the DRB1*0401-DQB1*0302 or DRB1*03-DQB1*02 haplotypes 22 and, therefore, the difference in risk of the DRB1*0401-DQB1*0302/DRB1*01-DQB1*0501 genotype (RTP ¼ 8.8) compared to the DRB1*03-DQB1*02/ DRB1*01-DQB1*0501 genotype (RTP ¼ 2.5) can be taken as the 'neutral' reference for the difference in risk between DRB1*0401-DQB1*0302 and DRB1*03-DQB1*02 DRB1, DQA1, and DQB1 haplotypes are given. For some haplotypes (partial), subtyping of the alleles is present, otherwise serological typing is given. RTP denotes relative transmission probability (see methods) estimates with corresponding P-values given as ****o1EÀ05, ***o1EÀ04, **o1EÀ03, *o1EÀ02, relative to the DQB1*5-DRB1*01 reference haplotype, which is in bold and italic. Other columns give T: count of transmitted haplotypes, NT: count of nontransmitted haplotypes, OR-r: ORs (confidence interval in parentheses) calculated relative to the DQB1*5-DRB1*01 reference haplotype. Only haplotypes with total counts of transmitted and nontransmitted haplotypes higher than 10 are shown.
haplotypes. Our observation that an approximate threefold difference in risk exists between the DRB1*0401-DQB1*0302 and DRB1*03-DQB1*02 homozygous genotypes (RTP ¼ 26.6 vs RTP ¼ 8.1, respectively, see Table 3) , and a similar three-fold difference in risk exists between the DRB1*0401-DQB1*0302/DRB1*01-DQB1*0501 and DRB1*03-DQB1*02/DRB1*01-DQB1*0501 genotypes (RTP ¼ 26.6 vs RTP ¼ 8.1, respectively, see Table 3 ) is consistent with this assumption. We, therefore, compared the difference in risk of haplotypes in a DRB1*0401-DQB1* 0302-positive genotype relative to the DRB1*03-DQB1* 02-positive genotype with the difference in risk of DRB1* 01-DQB1*05/DRB1*0401-DQB1*0302 vs the DRB1*01-DQB1*05/DRB1*03-DQB1*02 genotype ( Table 4) . The haplotypes DRB1*11-DQA1*0501-DQB1*0301, DRB1*07-DQA1*0201-DQB1*0202, and DRB1*08-DQA1*0401-DQB1*0402 showed higher increased risk in DRB1*0401-DQB1*0302-positive genotypes than in DRB1*03-DQB1*02-positive genotypes compared to the reference DRB1*01-DQB1*05 haplotype. These haplotypes can potentially form putative high-risk transencoded DQ dimers in a DRB1*0401-DQB1*0302-positive genotype, DQ(a1*0501, b1*0302), DQ(a1*0301, b1*02), and DQ(a1*0401, b1*0302), respectively. Note that the DQ(a1*0401) molecule, encoded by the DRB1*08-DQA1*0401-DQB1*0402 haplotype, is structurally very similar to the DQ(a1*0501) molecule. In contrast, DRB1*0401-DQB1*0301 and DRB1*09-DQB1*0303 haplotypes can form the DQ(a1*0301, b1*02) trans-encoded dimer in DRB1*03-DQB1*02-positive genotypes, but not in DRB1*0401-DQB1*0302-positive genotypes (Table 4) . This can explain why the increase in risk of DRB1*0401-DQB1*0301 and DRB1*09-DQB1*0303 haplotypes in a DRB1*0401-DQB1*0302-compared to DRB1*03-DQB1* 02-positive genotype is even lower than that of DRB1*01-DQB1*0501, suggesting interaction of these haplotypes with DRB1*03-DQB1*02.
Discussion
In this large data set analysed using a statistical approach resistant to population admixture effects, ascertainment bias and the complexity due to the multiplicity of both predisposing and protective alleles at the HLA class II loci, we confirm that the DRB1*03-DQB1*02/DRB1*0401-DQB1*0302 genotype is significantly more associated with T1D than DRB1*0401-DQB1*0302/DRB1*0401-DQB1*0302 and DRB1*03-DQB1*02/DRB1*03-DQB1*02 genotypes. Furthermore, evidence is provided for synergy between either DRB1*0401-DQB1*0302 or DRB1*03 -DQB1*02 and two previously implicated haplotypes (DRB1*08-DQA1*0401-DQB1*04 and DRB1*09-DQA1* 0301-DQB1*0303), and for three new haplotypes (DRB1* 11-DQA1*0501-DQB1*0301, DRB1*07-DQA1*0201-DQB1* 02, and DRB1*0401-DQA1*0301-DQB1*0301). The haplotypes DRB1*11-DQA1*0501-DQB1*0301, DRB1*08-DQA1* 0401-DQB1*04, and DRB1*07-DQA1*0201-DQB1*02 show interaction with DRB1*0401-DQB1*0302 haplotype. Assuming that DQA1*0401 is structurally similar to DQA1*0501, in a DRB1*0401-DQB1*0302-positive genotype, the first two haplotypes can form the DQ(a1*0501, b1*0302) trans-encoded heterodimer, whereas the latter can form DQ(a1*0301, b1*0201). The haplotypes DRB1* DRB1, DQA1, and DQB1 haplotypes are given. For some haplotypes (partial), subtyping of the alleles is present, otherwise serological typing is given. RTP denotes relative transmission probability (see methods) estimates relative to the DQB1*5-DRB1*01 reference haplotype, which is in bold and italic. Other columns give, P-value, T: count of transmitted haplotypes, NT: count of nontransmitted haplotypes, OR-r: ORs (confidence interval in parentheses) calculated relative to the DQB1*5-DRB1*01 reference haplotype. Only haplotypes with total counts of transmitted and nontransmitted haplotypes higher than 10 are shown.
09-DQA1*0301-DQB1*0303 and DRB1*0401-DQA1*0301-DQB1*0301 show interaction with DRB1* 03-DQB1*02 haplotype and can form in individuals with a DRB1*03-DQB1*02-positive genotype the DQ(a1*0301, b1*0201) trans heterodimer. This correlation between haplotype interaction and possible formation of the trans-encoded heterodimers similar to those formed in the high-risk DRB1*03-DQB1*02/DRB1*0401-DQB1*0302 genotype provides new evidence for the possibility of transencoded HLA DQ dimer disease susceptibility. One potential mechanism is that the trans-encoded dimers bind certain peptides differently from the cis heterodimers. Although one study did not find support for a relevance of an increase in the peptide-binding repertoire, this issue requires further investigations. 26 Further studies will have to be carried out with potential autoantigenic epitopes to test this hypothesis. Finally, we have shown new evidence for synergy of three haplotypes (DRB1*11-DQA1*0501-DQB1*0301, DRB1*07-DQA1*0201-DQB1*02, and DRB1*0401-DQA1* 0301-DQB1*0301), but it is difficult from these data to conclude which of the two trans-encoded DQ hetero- dimers in DRB1*03-DQB1*02/DRB1*0401-DQB1*0302 may be associated with the strongest susceptibility, that is, DQ(a1*0301,b1*0201) or DQ(a1*0501, b1*0302), although some suggestions have been made previously. 4, 24 Obviously, it cannot be ruled out that the interaction observed here is at another locus in the HLA region, or through an alternative mechanism. 27 Furthermore, it follows from Table 3 that the absolute risk of a genotype depends more on the sum of susceptible and protective elements, such as the presence of protective DQ heterodimers, DR molecules, and non-HLA factors.
It has been shown that efficiency of dimer formation differs between different DQa1 and DQb1 allele products. 28 The DQ molecules from the DRB1*0101-DQB1*0501 haplotype are not able to form trans-encoded dimers with the DQ b1 and a1 chain products from either of the DRB1*0401-DQB1*0302 or DRB1*03-DQB1*02 haplotypes. This suggests that only cis-encoded dimers are expressed by DRB1*0401-DQB1*0302/DRB1*01-DQB1*05 and DRB1*03-DQB1*02/DRB1*01-DQB1*05 genotypes. The risk of DRB1*0401-DQB1*0302/ DRB1*01-DQB1*05 is approximately three-fold that of DRB1*03-DQB1*02/DRB1*01-DQB1*05 (Table 3) . Interestingly, the risk of the DRB1*0401-DQB1*0302 homozygous genotype is also three-fold that of the DRB1*03-DQB1*02 homozygous genotype (Table 3) . Since it is unlikely that non-multiplicative epistatic effects are present in these genotypes, the similarity between the increase in risk suggests that these genotypes can be considered as 'pure' measures of the susceptibility provided by the DRB1*03-DQB1*02 and DRB1*0401-DQB1*0302 haplotypes.
However, the risk of the homozygous genotypes is higher than the heterozygous DRB1*01-DQB1*05 genotypes, indicating that the amount of expressed highly susceptible heterodimers is important. 29 An alternative explanation is that the DRB1*01-DQB1*05 haplotype confers dominant protection, which seems unlikely when comparing the risk of DRB1*01-DQB1*05 to that of established protective haplotypes such as DRB1*14-DQB1*05 and DRB1*15-DQB1*06, and from transmission rates of DRB1*01-DQB1*05 to affected siblings that do not carry either DRB1*0401-DQB1*0302 or DRB1*03-DQB1*02. 30 Taken together with the observed associations of trans-encoded dimers, these observations suggest that part of the variation in risk observed is influenced by the number of expressed high-risk dimers, which is determined by the number of combinations of DQb and DQa chains and their affinity to form heterodimers. 31 Evidence for such a gene dosage effect of HLA-DQ2 in correlation to T-cell response to gluten peptide epitopes has been found recently in coeliac disease, in which the T-cell response was correlated to the number of DQ2 molecules. 32 In coeliac disease, the susceptible dimer is DQA1*0501-DQB1*02, which is also formed in trans when the DRB1*07-DQB1*02 haplotype is found in a DRB1*03-DQB1*02-positive genotype. It has been well documented that the increased susceptibility of the DRB1*07-DQB1*02 haplotype is only present when combined with another haplotype that carries DQA1*0501. In narcolepsy, the high-risk haplotype is DRB1*15-DQB1*06, which in homozygous form has the highest genotype risk for disease, suggestive of a dosage effect. Remarkably, DQB1*0501 and DQA1*01 (non-*0102) alleles are protective in narcolepsy. 33 Following our hypothesis, the protection of DQB1*0501 and non-DQA1*0102 can be explained by the effect of the DRB1*01-DQA1*0101-DQB1*0501 haplotype through reduction in the number of susceptible heterodimers, since it is likely that DQB1*05 can form a heterodimer with DQA1*0102 of the DRB1*15-DQB1*06 haplotype.
Apart from the trans dimer effect described here, several other factors are likely to play a role in the susceptibility of HLA class II. First, it has been described that the response of a DQ2.1 restricted HSV-2 specific Tcell clone responding to HSV peptides was not correlated with gene dosage, but rather with the peptide-MHC avidity. 34 Second, the importance of DRB1 is obvious by the difference in susceptibility of DR4 subtypes. Most clear is the lower risk of DRB1*0403 and DRB1*0406 as previously described.
35-37 DRB1*0403 and DRB1*0406 share the E at position -74, which differentiates the two from the high-risk DRB1*0401 allele. Position -74 is part of the P4 pocket of the DRB1 molecule, which has been consistently implicated in several models for disease prediction in rheumatoid arthritis. 38, 39 The predictive value of the P4 pocket has also been demonstrated by others, 2, 40, 41 and has a strong pocket structural similarity between DRB1*0403 and DQB1*0301, both protective for T1D. 2 Third, several reports suggest the presence of an additional susceptibility locus in the class II, III, and I regions in several autoimmune diseases, although the necessity of fully compensating for the class II effect in these studies is a complicating factor. 14, 27 Finally, variations within the regulatory sequences of HLA-DQ have also been found that could influence susceptibility. Together, these susceptibility factors probably have a large influence on the risk as measured for HLA class II and could contribute to the synergy observed in DRB1*03-DQB1*02/DRB1*0401-DQB1*0302 genotypes.
Methods
Estimation of the risk of genotypes in case-control design Several authors have recognized that standard risk calculation by OR can be biased when more than one risk allele is present. A common correction for this bias is to 'standardize' the OR by setting one haplo-or genotype to unity as a 'reference'. Here we show ORs calculated with DRB1*01-DQB1*0501 haplo-or homozygous genotype as the reference (OR-r). Calculation with a different reference did not lead to significant differences in ranking or relative magnitude of the haplo-or genotypes.
Estimation of the risk of haplotype and genotype in nuclear families Relative risks can be estimated using simplex families. Likelihood methods for these case-parent triads can be used, conditional on the parental genotype. [42] [43] [44] [45] These methods alleviate bias caused by population admixture, nonrandom mating, and deviations from HW equilibrium, and conditioning on parental genotypes avoids bias by ascertainment on multiple affected siblings. 18, 20, [42] [43] [44] [45] With the likelihood method, haplotype relative risks (RR i ) or genotype relative risks (RR ij ) can be estimated, for haplotype i or genotype ij. We have previously written a program (CETDT) that outputs the ETDT estimate RR i or, when using the full genotype model, RR ij . 19 For clarity, we refer to this ETDT measure as RTP. Furthermore, CETDT can be used to test directly whether two different haplotypes have different risks. Here, we have used this program to analyse HLA class II haplotypes and genotypes in T1D families from several populations. For the multiplex families, one random affected sibling was chosen to reduce these families to a simplex form.
Material
Nuclear diabetic families with HLA class II DQB1, DQA1, and DRB1 typing were available from Dutch (219 families), Norwegian (386 families), UK (379 families), US (176 families), and Sardinian populations (261 families), in total comprising 1421 families. Full subtyping was available for US and Norwegian families. DQB1*06 subtyping was available for the Dutch families, and DRB1*04 subtyping was available for all populations.
Abbreviations OR, Odds ratio; CETDT, Conditional Extended Transmission Disequilibrium Test; RTP, Relative Transmission Probability; RR, Relative Risk for disease.
